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A Direct Interaction between IP3 Receptors and
Myosin II Regulates IP3 Signaling in C. elegans
amino-terminal IP3 binding domain, a carboxyl-terminal
calcium channel, and a large (c. 1400 residues) central
regulatory domain [19]. We used a GAL4-based system
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University of Cambridge [20, 21] to screen for interactions with the regulatory
domain. Fragments of itr-1 cDNA encoding this domainDowning Street
Cambridge, CB2 3EJ were cloned into the bait plasmid pAS2-1. We used
secondary structure predictions based on the PHD pro-United Kingdom
gram [22] to draw boundaries for these clones to mini-
mize disruption to secondary structure (i.e., where no
secondary structure was predicted and conservationSummary
was low). These were used to screen a C. elegans mixed-
stage random-primed cDNA library in pACT.Molecular and physiological studies of cells implicate
Using residues 681–1193 of ITR-1 as bait, we isolatedinteractions between the cytoskeleton and the intra-
two clones encoding overlapping regions of two myosincellular calcium signalling machinery as an important
heavy chains: MYO-1 (MHC D) and UNC-54 (MHC B).mechanism for the regulation of calcium signalling
These clones correspond to residues 1309–1937 of[1–11]. However, little is known about the functions of
MYO-1 and 1301–1673 of UNC-54, in the carboxy-termi-such mechanisms in animals. A key component of the
nal coiled-coil domain of these proteins (Figure 1). Myo-1calcium signalling network is the intracellular release
and unc-54 are two of the family of conventional typeof calcium in response to the production of the second
II muscle myosin genes. Myo-1 is exclusively expressedmessenger inositol 1,4,5-trisphosphate (IP3), mediated
in the pharyngeal muscle, whereas unc-54 is moreby the IP3 receptor (IP3R) [12–14]. We show that C.
widely expressed, in body wall, vulval, and anal muscleselegans IP3Rs, encoded by the gene itr-1, interact di-
but not in the pharynx [23].rectly with myosin II. The interactions between two
myosin proteins, UNC-54 and MYO-1, and ITR-1 were
identified in a yeast two-hybrid screen and subse- Delimiting the Interaction Sites
quently confirmed in vivo and in vitro. We defined the To delimit the interacting regions in both molecules, we
interaction sites on both the IP3R and MYO-1. To test used the yeast two-hybrid system. We made a series
the effect of disrupting the interaction in vivo we over- of subclones of the interacting regions and tested their
expressed interacting fragments of both proteins in ability to interact. As Figure 1 shows, a construct con-
C. elegans. This decreased the animal’s ability to taining amino acids 1444–1536 of MYO-1 retained
upregulate pharyngeal pumping in response to food. strong ability to interact with ITR-1, while the adjacent
This is a known IP3-mediated process [15]. Other IP3- region (1523–1606) retained a lesser ability. In the case
mediated processes, e.g., defecation [16], were unaf- of ITR-1, two clones, containing residues 967–1081 and
fected. Thus it appears that interactions between IP3Rs 1082–1193, retained the ability to interact (Figure 2A).
and myosin are required for maintaining the specificity In both cases, regions adjacent to these failed to interact
of IP3 signalling in C. elegans and probably more gen- with the other protein. Figure 2B shows an alignment
erally. of the interacting region in ITR-1 and a representative
sample of other IP3Rs. The region shows significant con-
servation between invertebrates and mammals, particu-Results and Discussion
larly within two blocks (both of which contain a high
proportion of charged or polar residues), suggestingA Yeast Two-Hybrid Screen Detects an Interaction
that the interaction may be conserved.between Myosin and ITR-1
Signaling through the second messenger inositol 1,4,5-
trisphosphate is central to a broad range of processes The IP3R-Myosin Interaction Occurs In Vivo
in animals [12–14]. A fundamental question regarding in C. elegans and In Vitro
the functions of IP3Rs concerns the mechanisms To confirm the existence of the UNC-54-ITR-1 interac-
whereby calcium signals are localized and regulated tion in vivo, we used coimmunoprecipitation from ly-
within cells to ensure the appropriate function. It is clear sates of mixed-stage C. elegans. Two antibodies pre-
that IP3Rs are not uniformly distributed within the ER, viously shown to recognize ITR-1 [18] were utilized:
nor are their functional properties uniform [7, 17], and Ab022 (anti-ITR-1) and Ab263 (anti-mouse type 1 IP3R,
such diversity has important implications for the speci- [24]). As Figure 3A shows, both antibodies immunopre-
ficity of function. Therefore, to test whether IP3R function cipitate UNC-54, while an antibody to an unrelated pro-
is influenced by interactions with as yet unidentified tein, SMN [25], did not, demonstrating that ITR-1 and
proteins, we used a yeast two-hybrid screen. UNC-54 coexist in a stable complex. To determine
IP3Rs in C. elegans are encoded by a single gene, itr1 whether ITR-1 and UNC-54 interact directly, we investi-
[18]. IP3R subunit structure is highly conserved, with an gated whether coimmunoprecipitation was inhibited by
competition with a protein corresponding to the interac-
tion site. As Figure 3B shows, addition of a GST fusion1Correspondence: hab@mole.bio.cam.ac.uk
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Figure 1. ITR-1 Interacts with Two Myosin
Heavy Chain Proteins, and the ITR-1 Interac-
tion Site Maps to Residues 1444–1606 of
MYO-1
(A) Schematic diagram of a myosin heavy
chain II molecule, showing the N-terminal ac-
tin binding “head” region and the C-terminal
“tail” component composed of two long
coiled-coil regions (hatched boxes). Amino
acid numbers indicate the approximate do-
main boundaries in MYO-1.
(B) Gray bars indicate the regions of MYO-1
and UNC-54 encoded by the “prey” clones
that were isolated in a yeast two-hybrid
screen for proteins interacting with amino
acids 681–1193 of ITR-1. The “bait” plasmid
was constructed in pAS2-1 and cotrans-
formed into S. cerevisiae CG-1945 (Clontech),
selecting transformants on SC-Leu-Trp-His 15 mM 3-aminotriazole plates. Interactions were verified by retransformation of the isolated prey
plasmid with bait and with pAS2-1 (negative control).
(C) cDNA fragments of myo-1 encoding the regions shown were cloned downstream of GAL4-AD in pACT-2 and cotransformed into S.
cerevisiae PJ69-4A with pAS2-1 without insert (control) or with a cDNA fragment encoding ITR-1681–851 downstream of GAL4-BD.
(D) Protein interactions were identified by assaying -galactosidase activity and ability to grow in the absence of histidine and scored as
positive, weakly positive (/), or negative. Methods, vectors, and media were as described previously [25].
protein containing residues 681–1193 of ITR-1 abolished cific myosin II molecule. The second nonpharyngeal
muscle myosin, MYO-3, only showed a weak increaseimmunoprecipitation of UNC-54 by Ab022, indicating
that UNC-54 and ITR-1 interact directly. This is further in -galactosidase activity, although this slight increase
was consistent and significant (p  0.001). Thus, it ap-confirmed by the demonstration (Figure 3C) that the
GST-ITR-1681–1193 fusion protein can “pull-down” UNC-54 pears that the interaction between IP3Rs and myosin II
is potentially fairly promiscuous and probably extendsfrom C. elegans lysates. Due to technical limitations
associated with the lysis of and immunoprecipitation of to the other myosin IIs. Given the widespread distribu-
tion of myosins and IP3Rs, it seems likely that only aproteins from pharynx tissue, we used an in vitro assay
to confirm that ITR-1 and MYO-1 interact. Residues subpopulation of each is involved in such an interaction,
perhaps only in a subset of tissues or cells. This in turn1444–1606 of MYO-1 were translated in vitro in the pres-
ence of 35S-methionine. As Figure 3D shows, while GST suggests that mechanisms that regulate the interaction
are likely to be important.alone does not interact with radiolabeled MYO-11444–1606,
GST- ITR-1681–1193 does indeed interact, confirming that
the interaction between MYO-1 and ITR-1 can occur in Disruption of the Interaction between ITR-1
vitro. Thus, in C. elegans, IP3Rs interact with myosin. and MYO-1 Interferes with the Regulation
Although a range of cytoskeletal components have been of Pharyngeal Pumping
identified as interacting directly or indirectly with IP3Rs, If interactions with myosins are important to the proper
including ankyrin [1, 2] and talin, vinculin, and -actinin function of signaling through IP3Rs, we would predict
[11], myosin is notable among these for being a motor that disrupting the interaction in vivo would alter known
protein. IP3-dependent processes. We therefore tested this in C.
elegans. IP3Rs are widely expressed in C. elegans [16,
18, 28]. Functional studies have shown that itr-1 is re-Interaction with Related Myosin Subtypes
These experiments demonstrated that IP3Rs interact quired for the control of ovulation [29], defecation [16],
for multiple stages in embryogenesis, and for the regula-with at least two myosin II molecules. We therefore ad-
dressed the question of whether this was a common tion of pharyngeal pumping in response to food [15]. C.
elegans responds to the presence of food by makinginteraction with myosin II chains. C. elegans has nine
type II myosin proteins: four are muscle proteins, two adaptive changes in several behavioral processes, in-
cluding locomotion, egg laying, defecation, and pharyn-are classified as nonmuscle, and the remainder have
yet to be studied. We tested the better-characterized geal pumping. The pharynx, an intrinsically rhythmic
contractile structure, pumps food into the intestine. Inmembers: the two remaining muscle myosin proteins
[26] and the nonmuscle myosin NMY-2 [27] for the ability the absence of food, it pumps at 100 pumps/min, in-
creasing to225 pumps/min in the presence of food. Weto interact with the myosin interaction site of ITR-1.
cDNA sequences encoding the regions of these proteins have shown that this upregulation of pharyngeal pumping
is dependant on intact IP3 and IP3R signaling [15].corresponding to residues 1444–1606 of MYO-1 (Figure
4A) were tested in the yeast two-hybrid system for inter- To disrupt interactions between ITR-1 and myosins,
we overexpressed the interacting regions from ITR-1action with residues 852–1193 of ITR-1. As Figure 4B
shows, in addition to MYO-1 and UNC-54, MYO-2 and (amino acids 967–1193) and MYO-1 (amino acids 1444–
1606). Transgenic worms were produced in which wide-NMY-2 also demonstrated significant -galactosidase
activity, indicating that the interaction with ITR-1 is spread (but not ubiquitous) expression was driven by a
heat shock inducible promoter (hsp16-2, [30]). As con-highly conserved. MYO-2 is the second pharynx-spe-
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Figure 3. ITR-1 and UNC-54 Interact In Vivo and Interaction be-
tween MYO-1 and ITR-1 Is Confirmed In Vitro
(A) Coimmunoprecipitation of UNC-54 and ITR-1. Mixed-stage C.
elegans were lysed [35], centrifuged (1,000 g, 1 min, 4C) to remove
debris, then centrifuged (16,000  g, 20 min, 4C) to give soluble
(s) and insoluble pellet (p) fractions, then immunoprecipitated using
three antibodies: Ab022 (anti-ITR-1), Ab263 (anti-mouse IP3R1), and
AbSMN (anti-SMN, survival motor neurone). Antibodies (20 g) were
preincubated with protein A-sepharose in PBS, 0.1% BSA for 4 hr,
washed twice, incubated with worm lysates overnight at 4C, then
washed four times. Immunoprecipitated proteins were analyzed by
Figure 2. The MYO-1 Interaction Site Maps to Residues 967–1193 Western blotting with anti-UNC-54 monoclonal antibody [36].
of ITR-1 (B) Peptide competition of coimmunoprecipitation. C. elegans were
(A) Above: schematic diagram of ITR-1, showing IP3 binding domain, lysed (but not fractionated) and immunoprecipitated with
regulatory domain, and channel. The bar below represents the re- Ab022. FP or FP indicates presence or absence of GST-ITR-
gion used as bait in a yeast two-hybrid screen. Below: subcloning 1681–1193 fusion protein (500 nM) in the immunoprecipitation mix. UNC-
of the interacting region to localize the interaction site. cDNA frag- 54 was detected as before.
ments encoding the regions shown were cloned downstream of (C) Pull-down of UNC-54 from C. elegans lysate using GST-ITR-
GAL4-BD in pAS2-1 and cotransformed into PJ69-4A with pACT-2 1681–1193 fusion protein. Fusion proteins (500 nM) coupled to glutathi-
without insert (control) or with a cDNA fragment encoding one-agarose beads were incubated overnight in TBS, 0.4% Triton
MYO-11296–1762 downstream of GAL2-AD. Interactions were identified X-100, 4C, with unfractionated worm lysates, then washed four
as in Figure 1. times. UNC-54 was detected as before.
(B) Alignment of the myosin-interacting region of ITR-1 with other (D) In vitro binding of 35S-MYO-11444–1606 with a GST-ITR-1681–1193 fusion
IP3Rs. Alignment using Boxshade. Sequences shown are C. elegans protein. cDNA encoding residues 1444–1606 of MYO-1 was ligated
ITR-1 (accession number AJ243179), Homo sapiens IP3R1 (S54974), into pGEM-T (Promega), with the addition of a consensus Kozak
H. sapiens IP3R2 (Q14571), and H. sapiens IP3R3 (A49873). Shaded sequence [37] and start codon, and used to synthesize 35S-labeled
boxes indicate only identity (dark) and similarity (light) involving protein in the TNT coupled transcription/translation system (Pro-
ITR-1. mega). GST fusion protein purification and binding assays were as
described previously [38], in TBS, 0.1% Triton X-100, using 500 nM
fusion protein. Untreated lanes contain 1/10 of the material used in
immunoprecipitations and pull-downs.
trols, we also overexpressed adjacent noninteracting
fragments from each protein. We then tested heat-
shocked worms in assays of known IP3-dependant pro- compared to wild-type or transgenic worms expressing
the noninteracting fragments (Figure 5B). The same phe-cesses. No effect was seen on the defecation cycle
(Figure 5A), ovulation, or embryogenesis (data not notype is observed when IP3 signaling is disrupted by
expression of a dominant-negative IP3 sponge, in itr-1shown). We next assayed the ability to upregulate pha-
ryngeal pumping in response to food. Animals express- mutants, or when itr-1 is ablated by RNAi [15]. Disruption
of IP3 signaling or ITR-1 function does not ablate theing either interacting peptide demonstrated significant
(p  0.001) reductions in pumping frequency on food upregulation of pharynx pumping in response to seroto-
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Figure 5. The Myosin-IP3R Interaction Functions in Modulation ofFigure 4. Interaction with ITR-1 Is Highly Conserved among C. ele-
Pharyngeal Pumpinggans Myosin II Proteins
The regions of itr-1 and myo-1 cDNA corresponding to the residues(A) Alignment of other C. elegans myosin II proteins with the inter-
indicated were ligated into pPD49.78 [39]. Constructs were microin-acting region from MYO-1. Accession numbers P02547 (MYO-1),
jected into C. elegans [39] with pRF4. Synchronized populations ofP12845 (MYO-2), P12844 (MYO-3), and P02566 (UNC-54), using Box-
transgenic animals were heat shocked at the onset of egg laying,shade. Shaded boxes indicate identity (dark) and similarity (light).
for 2 hr at 33C, then grown at 20C. Wild-type animals were not heat(B) Yeast two-hybrid assay to identify interactions between ITR-
shocked. Phenotypes were then assayed as follows. (A) Defecation1852–1193 and myosin II protein fragments corresponding to MYO-
cycles were assayed on food by measuring the time between one11444–1606. Itr-1 fragments were cloned into pAS2-1 and myosin gene
posterior body contraction and the next. For each genotype, tenfragments into pACT-2. These were cotransformed into PJ69-4A
worms were followed for ten cycles. (B) Pharyngeal pumping wasand interactions assayed by measuring -galactosidase activity.
observed on food or in the absence of food at 20C, 6 hr followingControl indicates pAS2-1 lacking the itr-1 insert. Mean activity from
heat shock. Animals were washed and transferred to plates withoutthree independent assays. Error bars are SD.
food 1 hr prior to assay. Effects of serotonin were assayed following
1–2 hr on NGM, 7.5 mM 5-hydroxytryptamine (creatine sulfate com-
plex) without food [40]. Mean pumps per minute from five observa-
nin [15], indicating that muscle function per se is not tions each for ten animals. Error bars are SD.
compromised. We therefore tested the effect of exoge-
nous application of serotonin on worms expressing the
interacting and noninteracting peptides. The response to food, a specific IP3-mediated process. Furthermore,
as is true of disrupting IP3 signaling [15], at least oneis unaltered by the transgenes, regardless of whether
they contain interacting or noninteracting fragments mechanism whereby serotonin increases pumping rate
is unaltered. The cellular function of the interaction is(Figure 5B). Thus, the pharyngeal muscle is still able to
respond to serotonin and pump at a significantly higher unclear, particularly as the interaction is conserved
among myosins from muscle and noncontractile tissue.rate (compared with pumping in the absence of food,
p0.001). We conclude that the myosin-IP3R interaction It seems unlikely that this interaction is fundamental to
pharyngeal muscle contraction. This is supported by theis necessary for upregulation of pumping in response
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